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Air Materiel Command, Army Alr Forces
FRELIMINARY RESULTS OF AN ALTTTUDE-WIND-TUNNEL INVESTIGATIOR
OF A TG-100A GAS TURBINE-PROFELLER ENGINE
IV - COMPRESSOR AND TURBINE PERFORMANCE CHARACTERISTICS

By Iewlis E. Wallner and Martin J. Saari

SIMMARY

Ag part of an Investligation of the performance and operational
characteristics of the TG-100A gas turbine-propeller englne, con-
ducted in the Cleveland altitude wind tunnel, the performance char-
acteristics of the compressor and the turbine were obtalned. The

" data presented were obtainsd at & compressor-inlet ram-pressure
ratlio of 1.00 for altltudes from 5000 to 35,000 feet, engine speeds
from 8080 to 13,000 rpm, and turbine-inlet temperatures from 1400°
to 2100% R.

The highest compressor pressure rstlo obtalned was 6.15 at a
corrected alr flow of 23.7 pounds per second and a corrected
turbine-inlet temperature of 2475° R. Peak sdilabatic compressor
efficlencies of &bout 777 percent were cbtaired nesxr the wvalue of
corrected air flow corresponding to a corrected engine speed of
13,000 rpm. This maximum efficiency may be somewhat low, however,
because of dirt accumulations on the compressor blades.

A maximum adisbatic turbine efficiency of 8l.5 percent was
obtalned at rated engine speed for all altitudes and turbine-
Inlet temperatures investlgated.

INTRODUCTION

An investigation of the performance and operatlonal charac-
teristics of a TG-100A gas turbins-propeller engine has been
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conducted in the Cleveland altitude wind tunnel at the request of
the Army Air Forces, Air Materiel Commend. BEngine performance
characteristics, windmilling characteristics, and pressure and tem-
perature distributions throughout the engine are presented 1n ref-
erences 1, 2, and 3, respectively.

The performance of the compressor and the turbine are of
particular significance because very little altitude data have
been obtained on these component parts in a gas turbine-propeller
englne. Date were obtalned at a compressor-inlet ram-pressure
ratio of 1.00 at altitudes from 5000 to 35,000 feet, engine speeds
from 8000 to 13,000 rpm, and turbine-inlet temperatures from
1400° to 2100° R. The compressor performence 1s presented as s
function of corrected engine alr flow and corrected turbine-inlet
temperature. The turbine performance ls presented as a function
of corrected turbine speed and corrected turbine-linlet temperature.

DESCRIPTION OF COMPRESSOR AND TURBINE

A general description of the TG-100A gas turbine-propeller
engine and the installation 1s given in reference 1. A detalled
description of the compressor and turbine assemblies is given in
the following mections.

Compressor

The TG-100A englne 1s equipped wlth a l4-stage axial-flow
compressor, which has a sea-level air-flow rating of about
21 pounds per second at an englne speed of 13,000 rpm. The com-~
pressor rotor, shown in figure 1, conslste of 14 wheels shrunk on
a hollow shaft. The campressor blades are dovetailed into the

rotor wheels. The blade-tlp dlameter of the rotor is 16{% inches

and the over-all length ls 25 inches. The hub-to-tlp diameter
ratio at the first rotor gstage 1s 0.73 and increases to 0.88 at
the fourteenth rotor stage. A balance pressure 1s applied to the
forwerd end of the rotor by air bled from the fifth stage of the
compressgor. This alr leaks out throigh two labyrinth sesals into
the compressor air passage aft of the lnlet guide vanes. Another
labyrinth seal 1s located at the aft end of the rotor. Air
leaking through thls seal 1s used to cool the forward face of the
turbine wheel. : '



839

NACA RM No. BTJ20 3

The stator stages consist of half rings into which the stator
blades are dovetailed (fig. 2). These half rings, assembled around
the rotor with spacers and clamplng bolts, compose the compressor
stator assembly.

Alr enters the compressor through an ennular inlet, which i1s
divided into six equal segmenis by radlal support struts. The flow
area of the compressor inlet (station 2, fig. 3) i1s approximately
95 square inches. A single row of gulde vanes turns the air in
the direction of rotation of the rotor. Alir ls discharged from the
compresgor through two rows of stralghtening vanes into an annular
passage.

Turbine Assembly

The TG-1C0A engine has a single-stage turbine that dellvers
about 5000 horsepower at standard sea-level conditions and an
engine speed of 13,000 rpm. The turbine (fig. 4) has a solid
steel dlsk thet tapers in thickness from 3.70 inches at the hub
to 0.57 inch at the thinmest section neaxr the rim. The turbine
blades, which are welded %o the wheel rim, are 1.6 inches In
length. The blade chord tapers from 1.0 inch at the root to
0.75 inch at the tip. The blade forgings are so designed that the
rectangular tips in the assembled wheel form the turbine shroud
ring. The over-all diameter of the wheel including the shroud
ring 1s 28 inches. The turbine clearances are shown in the detail
of figure 3.

The turbine nozzle (flg. 5),which consists of 36 equally
spaced hollow steel vanes, has an actual flow area of about
25 square inches and an expansion ratlo of 1.065. The vanes are
welded to Inner and outer shrouwd rings. A portion of the air
that enters the combustion chambers first flows through the
hollow vanes to provide cooling.

Gases dlscherged from the turbine enter an annular exhaust
cone having an area of about 154 square inches at the location
of the turbine-outlet instrumentation (station 6, fig. 3). The
inner cone is supported by four struts and by a series of small
angle braces extending slong the entire length of the inner cons.
In the wind-tunnel Investigation, a straight tall pipe 14 inches
in dlameter and 96 inches long was used.



4 NACA RM No. E7J20

INSTRUMENTATTON

A complete description of the instrumentation throughout the
ingtallation 1s given in reference 1. A review of the instrumenta-
tion required to determine the compressor and turbine character-
istics is presented herein,

The annular compressor inlet was divided into six equal seg-
ments by the radial support struts, which form part of the engine
structure. Installed in each alternate segment were five total-
rressure tubes, two iron-constaentan thermocouples, two static-
pressure probes, and a statlic-pressure wall orifice on the 'inner
and outer wells of the annulus. The remeining three segments had
only static~pressure wall orifices installed on the outer walls.
(See fig. 6.) Installed at the compressor outlet were nine total.
pressure tubes, six iron-constanten thermocouples, two static-
Pressure probes, and five static-pressure wall orifices (fig. 7).

The turbine inlet was instrumented with five total-pressure
tubes and five static-pressure wall orifices. Three of the total-
pressure tubes were located 120° spart. One of the areas included
by & single burner transition sectlon had two additional totel-
pressure tubes installed 10° on each side of the center tube
(fig. 8). The turbine outlet, or exhaust-cone inlet, was instru-
mented with three rakes, 120° apart, each contalning three total-
pressure tubes. A stalic-pressure wall orifice wes installed on
the outer wall In the plane of each rake. Three wafer static
tubes were installed at various immersions and were rotated 20°
from each of the total-pressure rekes. A chromel-alumel thermo-
couple was installed approximetely in line wlth the center of each
of the nine combustion chambers to indicate combustion-chamber
ignition and unbalasnce (fig. 9).

Exheust-gas temperatures were measured with six chromel-slumel
thermocouples at the tail-pipe-nozzle outlet (fig. 10).

FROCEDURE

Data were obtained at a compressor-inlet ram-pressure ratio
of 1.00, pressure altlitudes from 5000 to 35,000 feet, and engine
espeeds from 8000 to 13,000 rpm.  Amblent temperatures were main-
tained at approximately NACA standard altitude conditions. The
engine power was varied to give turbine-inlet temperatures ranging
from 1400° to 2100° R.
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Pressures were measured throughout the engine on water, alka-
zine, and mercury mancmeters and were photographically recorded.
Temporatures were measured and recorded by self-balancing potentl-

ometers.

Engine and tunnel operating condltions were indicated by

gages on the engine control penel and were photographlcally

recorded.

SIMBOLS

The followling symbols are used in thils report:

area, square feet

speed of sound in air, feet per second

compressor tlp dlameter, feet

adce1.eration due to graviiy, feet per second per second
horsepower loss In high-speed reduction gear
enthalpy, Btu per pound

adliabatic enthalpy change, Btu per pound
mechanical eguivalent of heat, foot-pounds per B'!n;.
constants

compressor Mach number

engine speed, rm

number of. compressor stages

total pressure, pounds per square foot ebsolute
static pressure, pounds per sguare foot absolute
gas constant, foot-powmds per pownd °F

shaft horsepower measured at torquemeter

total temperature, °R

indicated temperature, °R
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U compressor tlp speed, feet per second

Wy air flow, pounds per second

We fuel flow, poumnds per hour

Wg gas flow, pounds per second

o thermocouple impact-recovery factor, 0.85

v ratio of specific heats

5 ratlio of compressor-inlet absolute total pressure to static
pressure of NACA standsryd atmosphere at sea level

8g ratlio of turblne-inlet absolute total pressure to static
rressure of NACA standard atmosphere at sea level

e ratio of compressor-inlet absolute total temperature to
statlc temperature of NACA standerd atmosphere at ses
level

o5 corrected ratio of turbine-inlet absolute total temperature
to static temperature of NACA standard atmospherse at sea
level, (75 Ts)/(1.40 x 519)

¥ average compressor pressure coefficient per stage

M adiabatic compressor efficlency, percent

Ny adiabatic turbine efficiency, percent

Subscripts: .

2 compressgor inlet

3 compressor outlet

S turbine inlet

6 turbine outlet

8 tall-plipe~-nozzle outlet

c campressor

t turbine

68
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METHOD OF CALCULATION

The total temperatures at the compressor inlet, the compressor
outlet, and the tall-pipe-nozzle outlet were calculated from the
relation

r-1

ol
SO

As In reference 1, the total emthalpy at the turbine inlet was
assumed to be equal to the sum of the enthalpy at the tail-plpe-
nozzle outlet and the drop in enthalpy across the turbine. The
enthalpy drop across the turbine is equivalent to the sum of the
enthalpy rise across the compressor, the shaft horsepower measured
at the torquemeter, and the power loss In the high-speed reductlon
geaxr.

H5 = He + (H5 - Hz) + 550(Eh1+ ahp)

Wgd

The turbine-inlef total bemperature was then obtained from
thermodynamic charts relating enthalpy and fuel-alr ratio to
temperature.

Alr flow through the compressor was calculated from measure-
ments at the campressor inlet by use of the equation

y 7,71

7 7
W, = “72 & 2g) @ <f§) 1
a,2 Pz A2 (75 - 1) RT, by Dz

_ Turbine ges flow was assumed egual to the sum of the compressor-
inlet air flow and the engine fuel flow

Vg

Wg = ¥a + 3500
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The ediabatic compressor efflicliency was obtalned from

Yo-1

A
@)1

where 7. vas assumed equal to 1.40.

X 100

Campressor Mach number, based on the total temperature of the
alr at the compressor inlet, was computed from

5t DN

M =£=——-——
%2 604/y5e BTz

C

The average compressor pressure coefficient per stage, which
13 defined as the ratio of the adlabatic work per stage to the work
that would be required to accelerate the air to a velocity equal to
the tip speed of the compressor, was obtained from

. 7ol
B -
v - AHgq 2 Py
- n 12_ n(70 - 1) Mcz

Adisbatic turbine efficiency was calculated from

TS-TG

g =

where 7, was assumed equal to the average ratlo of specific heats
entering and leaving the turblne. Because the temperature drop
through the tall pipe was small and the temperature measurements
were more reliable at the tail-plpe-nozzle ocutlet than at the tur-

bine outlet, Tg was replaced by Tg in the turbine-efficiency
egquation.

&<t



8

NACA RM No. BE7J20 9

RESULTS AND DISCUSSION

Compressor and turbine performance characteristics for the
range of conditlons at which the TG-100A engine was operated are
discussed. Inasmuch as englne performance was cbtalned for a
relatively small range of compressor-inlet ram-pressure ratios, no

.effort has been made to determine the effect of this parameter on
" the performance of the campressor and the turbine.

Compressor

The relstlon between corrected zlr flow, compressor Mach
number, and correoted englne speed 1s shown in figure 11 for alti-
tudes from 5000 to 35,000 feet. The air flows obtalned at 4if-
ferent altltudes generalized reasonebly well and appear to he a
function only of compressor Mach number for the range of operating
condlitions investigated.

During the operation of a compressor ln a gas turbine-
propeller engline, the compressor pressure ratio varles with the
power delivered to the propeller. In order to inorease the power
delivered to the propeller at & particular engine speed, an
increase in turbine-inlet temperature l1ls necessary, which in turn
increases the turbine-inlet pressure. This rise In turblne-inlet
pressure results ln an lncrease ln compressor-outlet pressure and,
consequently, compressor pressure ratlo.

It can be analytically shown that, for conditions at which
the turblne nozzles are choked and the corrected a2ir flow 1s con-
stant, the compressor pressure ratlo 1s proporitional to the sguare
root of the corrected turbine-inlet temperature. When the pres-
sure ratlo across the turbine nozzle exceeds the critical value
(about 1.89), the mass flow through the turbine nozzlea can be-
expressed as

if K A5 P5 1{75
8 =
A/Ts
If the alr flow through the engine is assumed equal to the gas Flow

and the correction factors & and 6 are applied to this equation,
the coxrected air flow becomes
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Wé‘dg K, As PSAJ;E
5 = As =
Pp 4/T5/T2

As & filrgt-oider approximation, the campressor-outlet total pres-
sure Pz may be assumed equal to the turbine-inlet total pres-

sure Pg. The variation in 4/75 was also agsumed to be negliglble.
Consequently, at a constant corrected air flow,

P2 |18
P2 T2
T2
and because @ = 515
L. T
3 oAl S
P2 e

The compressor pressure ratio 1s plotted In figure 12 sgainst
the square root of the corrected turbine-inlet temperature for
constant corrected ailr flows from 8.8 to 23,7 pounds per second,
which were obtalned at altitudes from 5000 to 35,000 feet. The
compressor pressure ratio is shown to increase linearly with the
square root of the corrected turbine-inlet temperature at a con-
gtent corrected air flow. For the range of conditions lnvesti-
gated, a maximum compressor pressure ratio of 6.15 was obtalned
wilth a corrected alr flow of 23.7 pounds per second at a corrected
turbine-inlet temperature of 2475° R.

The compressor efficlency wes determined by plotting the
actual temperature-rise factor (Tz/Tp)-1 against the adiabatic

. Yool _
temperature-rise factor (Pz/P2) 7c -1, as shown in Ffigure 13.
A single curve was faired through all the date points, inasmuch
as the data scatter did not allow separatlion of the effects of
turbine-inlet temperature and altitude on compressor efficiency
at a particular value of compressor pressure ratlio. A cross plot
of the data from figures 12 and 13 in figure 14 shows the varia-
tion of compressor efficiency with corrected air flow for constant
values of corrected turbine-inlet temperatures from 1600° to
2400° R. For the range of air flows investigated, the compressor
efficlency was not greatly affected by changes in turbine-inlet
temperature. A maximum compressor efficlency of about 77 percent

68
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occurred at a corrected alr flow of approximately 20 pounds per
second for corrected turbine-inlet temperatures from 1800° 4o
2200° R. This pesk efficlency may be somewhat low because of dirt
and oil deposits on the stator and rotor blades.

The compressor-performance-characteristic curves for the range
of engine operating condlitions investligated were obtalned by cross-
plotting 'the date from figures 11, 12, and 14 in Tigure 15. The
campressor pressure ratlo increased with an increase in corrected
alr flow at constant values of corrected turbine-inlet temperature.
The maximum compressoy efficiencles occurred near the value of
corrected alr flow corresponding to a corrected engine speed of
13,000 rpm.

The variation of compressor pressure coefficlent with corrected
turbine~inlet temperature 1s shown ia flgure 16 for constant values
of corrected alr flow. The compressor pressure coefficient increased
with the corrected turbine-inlet temperature. A cross plot (fig. 17)
of the data from rigure 16 shows the variation of compressor pressure
coefficient wlith corrected alr flow for constant values of corrected
turbine-inlet temperature. A meximum pressure coefflcient of 0.322
was obtained at a corrected air flow of about 14 pounds per second
and a corrected turbine-inlet temperature of 2000° R. The maximum
pressure coefficlient does not occur at rated engine operating
conditions, ’

Turbine

" Turbine pressure rabio and corrected turblne spsed are plotted
as functions of corrected turbine-inlet temperature in figure 18 for
congtant values of corrected engine speed at altitudes from S000 to
35,000 feet. The highest turblne pressure ratio at which date were
obtalined was 4.65 at a corrected turblne speed of 6700 rym and &
corrected turbine-inlet temperature of 2475° R. A cross plot of
these data (fig. 19) shows the variation of turbine pressure ratio
with corrected turbine speed for corrected turbilne-inlet btempera-
tures from 1600° to 2400° R. The turblne pressure ratlo increased
with an increase 1In corrected turbine speed and corrected turbine-
inlet temperature. At a correcteid turbine speed of 6800 rpm, an
Increase in corrected turbine-inlet temperature from 1600° to
2400° R raised the turbine pressure ratio from 3.05 to 4.50.

The turbine efficlencies were obtained by a method similar to
that used in determining the compressor efficiencies. The actual
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temperature-drop factor 1 - (Tg/Ts) 1s plotted against the adia-
74~1

7
batic temperature-drop factor 1 - (Pg/Pg) *  in figure 20 for
altitudes from S000 to 35,000 feet. Lines of constant turbine
efficlency superimposed on the date show that practically all the
turbine efficlencies were between 76 and 82 percent. It is also
shown that the turbine efficiencies were not noticeably affected by
changes in altitude.

In order to show turbine efficlency as a function of corrected
turbine speed and to determine the effect of turbine-inlet tempera-
ture on turbine efficlency, the actual and adiasbatic temperature-
drop factors first had to be plotted against the corrected turbine-
inlet temperature for constant values of corrected engine speed, as
shown in figure 21. A cross plot of the data fraom figures 18 and 21
In figure 22 shows the turbine efficiency as a function of cor-
rected turbine speed. Although the data from figures 18 and 21
varied by about 1.5 percent from the curve shown in figure 22 s DO
consistent variation of turbine efficiency with turbine-inlet tem-
perature was apparent for the range of conditions investigated.

The falred curve in figure 22 indicates a maximum turbine effi-
clency of 81.5 percent at corrected turbine speeds from 6200 %o
T400 rpm, This range of corrected turbine speeds includes engine
operation at rated speed for all altitudes and turbine-inlet tem-
peratures investigated.

The varlation of turbine pressure ratio with corrected gas
flow is shown in Pigure 23 for altitudes from 5000 to 35,000 feet.
For practically all the conditions investigated, the corrected gas
flow was constant, which indicates that the turbine nozzles were
choked. A corrected gas flow of about 9 pounds per second was
obtained for turbine pressure ratios from approximately 2.0 to 4.65.

. SUMMARY QF RESULTS

Compresscr and turbine performance characteristics were
obtained as part of an investigation of a TG-100A gas turbine-
propeller engine in the Cleveland altitude wind tunnel. Data were
obtained at altitudes from 5000 to 35,000 feet, engine speeds from
8000 to 13,000 rpm, turbine-inlet temperatures from 1400° +o
2100° R, and a compressor-inlet ram-pressure ratio of 1.00. The
following results were obtained:
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1. For the range of operating conditions investigated, = max-
imum compressor pressure ratlo of 6.15 was cobtalned at a corrected
alr flow of 23.7 pounds per second and & cdrrected turblne-inlet
temperature of 2475° R.

2. Peak adiabetlc compressor efficliencles of about 77 percent
were obtalned near the value of corrected alr flow corresponding
to a corrected engine speed of 13,000 rpm. This value of maximum
efficlency may be somewhat low, howaver, because of dirt accumule-
tion on the compressor blades.

3. A maximm compressor pressure coefficient of 0.322 was
obtained at a corrected alr flow of about 14 pounds per second and
a corrected turbine-inlet tempersture of 2000° R. The peak com-
pressor pregsure coefficient did not ocour at rated engine operating
conditions. _

4. A maximum adisbatic turbine efficiency of 81.5 percent was
obtained at rated engine speed for all altltudes and turbine-inlet
tenperatures investigated.
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Figure 5. — Turbine nozzle of TG-100A gas turbine-propelier

engine.

23






839

NACA RM No. E7J20 25
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Figure 6, — Locatlon of instrumentation at compressor inlet,
aft, station 2. _
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